The rich diversity of wing color patterns within and between butterfly species makes butterflies an attractive system for studying the development and evolution of pattern formation. Study of the molecular and genetic basis of pattern formation in butterflies has revealed that a number of developmentally important genes possess expression patterns in the developing wing that correlate with the wing color patterns of the adult. For example, genes including engrailed/ invected, distal-less, cubitus interruptis, hedgehog, Notch, and spalt have expression patterns in the fifth larval instar and pupal wing imaginal discs that correlate with the formation of the eyespot, a color pattern composed of a series of concentric rings (1) (2) (3) (4) (5) . Although these data suggest that these genes play a role in eyespot formation, the evidence is indirect. One way to directly determine the role that these and other genes play would be to ectopically express genes in the developing wings.
Currently, there are two viral vectors that enable transgene expression in vivo in arthropods, Sindbis virus (6) and baculovirus (7) . In addition, transposonbased technology has also achieved ectopic expression in butterflies (8) . Because baculoviruses naturally infect and can be potentially lethal to butterflies, their utility as a gene expression tool is limited. Furthermore, although Sindbis virus has been used as a gene expression vector in butterflies (6) , this is an RNA virus and thus possesses a high mutation rate that could possibly impact expression of the gene of interest. In an effort to create an alternative viral system for ectopically expressing transgenes in butterfly pupal and larval wing tissue, we examined the use of vaccinia virus.
It has been reported that vaccinia virus, a vertebrate poxvirus, is able to infect gypsy moth cell lines in vitro (9) . The vaccinia virus enters the gypsy moth cells and carries out both early and late viral protein synthesis as well as viral DNA replication (9) . However, processing of viral late proteins does not occur, and therefore infectious virions are not produced. In this study, we set out to determine whether vaccinia virus could be used as a gene expression vector to ectopically express transgenes on the wings of butterflies in vivo.
To test this, we subcutaneously injected fifth instar Junonia coenia larva with vaccinia virus designed to express enhanced green fluorescent protein (EGFP) (10) through the larval cuticle in the area of the wing disc with 1-5 μL [approximately 10 5 plaque forming units (pfus)] vaccinia virus EGFP diluted in Dulbecco's minimal essential medium along with 1% fetal bovine serum. The injected larva was maintained at 28°C. Either fifth instar larval or 24-h pupal wing tissue were isolated, stained for 7 min with 100 nM nuclear marker ToPro-3 (blue; Invitrogen, Carlsbad, CA, USA), and then examined for GFP expression (green) using a Model MRC600 laser-scanning confocal microscope (Bio-Rad Laboratories, Hercules, CA, USA). There was dramatic GFP expression in pupal stage butterfly wing tissue ( Figure 1 ). Therefore, vaccinia virus can be used to ectopically express genes in J. coenia pupal stage wing tissue. However, we were unable to detect GFP expression in fifth instar stage wing discs (data not shown). Similar results were obtained with Sindbis virus, which was able to infect pupal, but not larval, wing discs of subcutaneously injected insects (Reference 6 and data not shown).
Although the ability to infect pupal stage wing tissue would allow the study of late stage patterning processes, such as induction of specific pigmentation genes, experimental evidence has shown that the majority of the prepatterning events that ultimately lead to the wing color pattern occur prior to the pupal stage (11) . Thus study of prepatterning events requires ectopic expression during the prepupal stage of wing development. The data described above indicates that simply injecting virus into the larval hemolymph will not result in infection and transgene expression in the larval wing disc. It is possible that a physical barrier prevents infection of wing disc during this developmental stage. Viral particles likely infect pupal wing tissue by migrating through the wing tracheal system. Because the tracheal system is not fully developed in the larval stage wing discs (11), virus would not be able to use the tracheal system for dissemination to this tissue.
To circumvent the problem of viral accessibility to the wing tissue, we modified surgical techniques that had been used to manipulate butterfly wings either through ablation (1, (12) (13) (14) or wing disk transplantation (15) . However, instead of physically removing the wing discs or damaging the wing, we used the surgical technique to expose the larval wing disc tissue so that it could be directly injected with viral particles. The technique involved anesthetizing fifth instar J. coenia larva by immersion in cold water for 10 min. The larva were removed from the water and covered with phosphate-buffered saline (PBS) in a dissecting tray. A small incision was made along the midline of either the second (forewing) or third (hindwing) thoracic segment. Using tweezers, the wing disc was partially exteriorized, being sure not to damage the connecting tissue or trachea of the wing disc (Figure 2A) . The wing discs were injected with approximately 10 nL (approximately 100 pfus) of vaccinia virus EGFP in Dulbecco's minimal essential medium along with 1% fetal bovine serum. The injection was done with a pulled glass needle ( Figure 2B , yellow arrow) attached to a micromanipulator and microinjector set-up (Narishige, East Meadow, NY, USA). After the needle was removed, the wing disc was carefully placed back inside of the body wall, and the hemolymph was allowed to melanize and close the surgical opening ( Figure  2C, yellow arrow) . After 48 h, the wing discs were removed, stained for 7 min with 100 nM ToPro-3, and GFP expression was visualized using the MRC600 laser-scanning confocal microscope. This technique resulted in 100% survival of the larva, and over 75% of the surgically manipulated larva produced phenotypically normal adult wing tissue without signs of damage (data not shown). When larval wing discs were examined 48 h after direct injection, over 50% of the injected animals showed detectable GFP expression (Figure 2, D-F) , demonstrating that viral infection of the wing discs had occurred. In addition, the GFP expression was localized to the site of injection, suggesting that this technique could be used to target gene expression to specific sites on the wing disc.
In this report, we have shown that vaccinia virus can be used to ectopically express a transgene in butterflies. The vaccinia viral vector and reporter gene used appeared to have no overt effect on the health of the insect or wing color pattern formation, an important property if vaccinia virus is to be used to express genes thought to be involved in this process. In addition, the fact that vaccinia virus, which is a vertebrate poxvirus, has the ability to infect butterflies in vivo as well as gypsy moth cells in vitro (9) , suggests that vaccinia virus will also be a useful gene expression tool in other arthropod species for which classical genetic methods are either impractical or unavailable.
We have also described the development and use of direct injection techniques as a means of vector delivery to larval wing imaginal discs. Because vaccinia virus does not productively infect insect cells (9) , and thus the infections will be centered around the initial site of inoculation only, the ability to inject specific sites of the larval wing disc will allow us to directly target gene expression to particular areas of the wing at specific developmental times. This will enable us to further define the roles that a specific gene plays during color pattern formation. In addition, the development of surgical techniques to manipulate butterfly wing discs can be used for a variety of other experimental approaches to study pattern formation. For example, this method could be used to directly deliver antisense molecules such as morpholinos (16) , as well as small interfering RNA (siRNA), expression plasmid constructs, or even purified proteins thought to be involved in color pattern formation such as decapentaplegic, wingless, or hedgehog. Together, the use of vaccinia viral-mediated transgene delivery and the direct injection techniques described here will make possible a wide range of in vivo manipulations to determine the molecular and genetic basis of butterfly wing color pattern development.
